To maintain phenotypes of cell lineages, cells must 'remember' which genes were active before mitosis entry and transmit this information to their daughter cells so that expression patterns can be faithfully re-established in G1. This phenomenon is called gene bookmarking. However, during mitosis transcription ceases, most sequence-specific proteins dissociate from DNA and the chromatin is tightly compacted, making it difficult to understand how gene activity 'memory' is maintained through this stage of the cell cycle 1,2 . A feature of gene bookmarking is that in mitotic cells, the promoters of formerly active genes lack compaction, but how compaction of these regions is inhibited is unknown 3,4 . Here we show that during mitosis, TATA-binding protein (TBP), which remains bound to DNA during mitosis, recruits PP2A. TBP also interacts with condensin to allow efficient dephosphorylation and inactivation of condensin near these promoters to inhibit their compaction. Further, ChIP-on-chip data show that TBP is bound to many chromosomal sites during mitosis, and is higher in transcribed regions but low in regions containing pseudogenes and genes whose expression is tissue-restricted. These results suggest that TBP is involved not only in gene transcription during interphase but also in preserving the memory of gene activity through mitosis to daughter cells.
A number of studies have suggested that promoters of genes that are active before entry into mitosis are marked by the binding of a factor that remains associated with the promoter throughout this stage of the cell cycle and somehow prevents compaction of these regions. This ensures that the transcriptional machinery can be reassembled on them in G1, transmitting memory of gene expression patterns 5, 6 . Because of similarities with the way a bookmark holds a place in a book, this mechanism has been referred to as gene bookmarking, and the putative factors mediating this process termed molecular bookmarks. However, the identity of the factor or factors involved in this mechanism, and how they prevent compaction of these promoter regions, is not known.
One candidate for an active gene bookmarking factor is TBP, which has been shown to remain associated with chromosomal DNA even during mitosis, but only with promoters of genes that had been active before entry into mitosis [7] [8] [9] . In a previous study, we identified a mechanism for gene-selective bookmarking, in which a factor called HSF2 binds the hsp70 promoter during mitosis and prevents its compaction by interacting with condensin and also recruiting the phosphatase PP2A to dephosphorylate and inactivate nearby condensin complexes 10 . In this study we tested whether TBP functions as a general bookmarking factor for active gene promoters and, if so, whether there is any similarity between the mechanism by which it prevents promoter compaction and that of the gene-selective HSF2/hsp70 gene bookmarking mechanism.
First, to determine whether TBP interacts with condensin, the 5-subunit protein complex involved in compacting DNA during mitosis 2 , we performed co-immunoprecipitation analyses using extracts of mitotic cells. We found that antibodies against the CAP-G subunit of condensin co-immunoprecipitate with the TBP protein, indicating that endogenous TBP and condensin exist as a complex in extracts of mitotic cells (Fig. 1a) . The reverse experiment, in which antibodies against TBP were used for immunoprecipitation before western blotting with anti-CAP-G, further support the association between endogenous TBP and condensin in mitotic cell extracts (Fig. 1b) . As an independent test of the TBP-condensin interaction, in vitro binding experiments were performed, and the results show that recombinant GST-TBP was able to pull down CAP-G protein from extracts of mitotic cells (Fig. 1c) . GST-TBP also interacted with in vitro translated CAP-G (Fig. 1d) , suggesting that the association between TBP and condensin in mitotic cells is mediated, at least in part, by direct interaction between TBP and the CAP-G subunit of condensin.
Condensin activity is inhibited by dephosphorylation of three of its subunits, including CAP-G, by the phosphatase PP2A 2, 11 . Therefore, we undertook a set of experiments to test the hypothesis that TBP associates with PP2A as a mechanism for inhibiting compaction of promoters during mitosis. Microcystin is a ligand that binds the catalytic subunits the of PPP serine/threonine phosphatases, such as PP1 and PP2A 12, 13 . Microcystin-sepharose was able to pull down transfected TBP from cell extracts (Fig. 2a) , suggesting that TBP associates with a member of the PPP phosphatase family. As PP2A is known to dephosphorylate CAP-G and the other two condensin regulatory subunits CAP-D2 and , we tested whether this particular PPP phosphatase interacts with TBP. Immunoprecipitation analysis of extracts from cells transfected with GFP-TBP and then blocked in mitosis support this hypothesis by indicating that PP2A does associate with the transfected TBP protein (Fig. 2b) . To test for PP2A association with endogenous TBP protein, we immunoprecipitated extracts of mitotic cells using antibodies against the catalytic subunit of PP2A (Fig. 2c) or TBP (Fig. 2d) , before western blotting using antibodies against TBP or the PP2A catalytic subunit, respectively. The results support the hypothesis that endogenous TBP and PP2A do interact in extracts of mitotic cells. TBP exists in cells as part of the TFIID complex. To determine whether PP2A associates with TBP directly, and not with some other subunit of TFIID, we performed an in vitro binding experiment. The results show that GST-TBP interacts specifically with purified PP2A, indicating that TBP is able to interact directly with this protein phosphatase (Fig. 2d) .
To test the ability of the TBP-associated PP2A to function as a condensin phosphatase, we performed an experiment in which GFP-TBP immunoprecipitates from mitotic cell extracts were incubated with CAP-G immunoprecipitated from mitotic cells before western blotting using the mpm2 antibody, which detects cdc2-phosphorylated proteins, including CAP-G 14 . The results of this experiment indicate that GFP-TBP immunoprecipitates, but not GFP immunoprecipitates, possess phosphatase activity that dephosphorylates the CAP-G subunit of condensin (Fig. 3a) . This experiment also showed that the TBP-associated dephosphorylating activity is blocked by addition of the PP2A inhibitor okadaic acid.
The results described above suggest that in mitotic cells, TBP associated with PP2A could function as a regulator of condensin activity.
To test this hypothesis, we determined the effect of adding TBPcontaining complexes from asynchronous or mitotic cells to an in vitro condensin activity assay 15 . The results of this experiment show that mitotic TBP immunoprecipitates from extracts of mitotic cells, but not those from extracts of asynchronous cells, are able to inhibit condensin activity (Fig. 3b) . Inhibition of condensin activity by TBP complexes from mitotic cells was blocked by the addition of okadaic acid to the reaction, suggesting that PP2A activity is important for this effect (Fig. 3c) .
Consistent with the results of previous studies [7] [8] [9] 16 , chromatin immunoprecipitation (ChIP) experiments showed that in mitotic cells, TBP remains associated with promoters of genes that are active in these cells during interphase, such as the histone H4 gene, but not with the promoter of β-globin, a gene that is not expressed in these cells (Fig. 4a) . PP2A also exists within crosslinking distance of the histone H4 gene promoter in mitotic cells but not with the promoter of the β-globin gene (a) Extracts of mitotic HeLa cells that had been transfected with a GFP-TBP expression construct were incubated with microcystin-sepharose or protein G-sepharose beads, washed and then bound proteins were analysed by western blotting using an anti-GFP antibody. (b) PP2A was immunoprecipitated from extracts of mitotic HeLa cells that had been transfected with GFP-TBP expression plasmid using anti-catalytic subunit (PP2Ac) antibodies (with non-specific IgG as a negative control), before western blotting with an anti-GFP antibody. (c) PP2A was immunoprecipitated from extracts of mitotic HeLa cells using anti-PP2A catalytic subunit (PP2Ac) antibodies (non-specific IgG as negative control), before western blotting using an anti-TBP antibody. (d) TBP was immunoprecipitated from extracts of mitotic HeLa cells using anti-TBP antibodies (non-specific IgG as negative control), before western blot using antibodies against the PP2A catalytic subunit. (e) Purified GST-TBP or GST bound to glutathione-agarose was incubated with purified PP2A, washed and then bound proteins were subjected to SDS-PAGE and by western blotting using anti-PP2A catalytic subunit antibodies (upper panel) or anti-GST antibodies (lower panel). ( Fig. 4b) . The results in this figure also show that the amount of PP2A associated with this promoter is decreased in cells in which TBP levels are reduced by RNA interference (RNAi) to knockdown TBP, consistent with the hypothesis that PP2A is recruited to promoters by TBP during mitosis. To directly test the importance of TBP in preventing compaction of gene promoters during mitosis, we determined whether reduction of cellular TBP levels by RNAi results in decreased accessibility (loss of bookmarking) of the histone H4 gene promoter in mitotic cells. Nuclei of mitotic cells transfected with TBP short interfering RNA (siRNA) or control siRNA were subjected to a DNase I accessibility assay. DNA isolated from the nuclei was then used to perform PCR using a primer pair that amplifies the histone H4 promoter region. The results indicate that treatment with TBP siRNA results in decreased digestion of the histone H4 promoter region, suggesting reduced accessibility of this region (Fig. 4d) . To test the importance of PP2A activity for promoter accessibility during mitosis, a DNase I accessibility assay was performed using nuclei from mitotic cells that had been incubated (before isolation of nuclei) for 3 h with okadaic acid at a concentration that selectively inhibits PP2A 17, 18 . The results reveal that this treatment, like the TBP siRNA treatment, results in reduced accessibility of the promoter region of the H4 gene (Fig. 4e) .
Finally, we performed a ChIP-on-chip experiment to examine the binding of TBP during mitosis over large regions of chromosomal DNA, using arrays that include chromosomes 3, 21, 22 and X. This analysis indicates that TBP binds to a very large number of different sites in these chromosomes (Fig. 5) . Analysis of TBP binding to individual genes within these chromosomal regions (Fig. 5 , bottom panels) indicates the association of TBP with the promoter regions of these genes. Consistent with a previous study that examined TBP binding to chromosomal regions of interphase cells, we also observed mitotic TBP binding to intronic sequences and intergenic sequences that have not yet been associated with a gene or mRNA annotation 19 . We also found that mitotic TBP binding was observed only for a fraction of the presumed total number of binding sites, which is similar to the results of another study of TBP binding in interphase cells 20 . This may be due, at least in part, to technical limitations of ChIP-on-chip experiments, including the inability to efficiently crosslink all chromosomal-bound TBP protein and/or to immunoprecipitate the DNA-linked TBP. Analysis of the ChIPon-chip data revealed that more TBP binding is found in transcribed regions of the chromosomes ( Supplementary Information, Fig. S1 ) and that TBP binding signals are low in chromosomal sequences containing pseudogenes, genes whose expression is tissue-restricted and not transcribed in the cell type (Jurkat) used for this ChIP-on-chip experiment, and regions that are devoid of annotated genes ( Supplementary  Information, Fig. S2 ).
The results of this study suggest that TBP has an important role in the transmission of active gene memory to daughter cells by interacting with and inactivating condensin in the vicinity of these promoters through its associated PP2A, thereby inhibiting compaction of these regions. This role for TBP in bookmarking active genes is conceivable, given that its function as an essential basal transcription factor at promoters transcribed by all three RNA polymerases not only provides a straightforward mechanism for identifying many genes that are active in a cell, and therefore should be bookmarked, but also for efficiently reassembling the transcriptional machinery on these promoters upon entry into G1 (refs 21, 22) . These results also reveal that some elements of this mechanism, for example the The next lanes show reactions containing CAP-G immunoprecipitates from mitotic cell extracts incubated with either TBP immunoprecipitated (using anti-GFP antibodies) from mitotic extracts, with or without okadaic acid (OA, 100 nM), or non-specific IgG immunoprecipitates, for 0-2 h. (b) Mitotic TBP complexes inhibit condensin activity. TBP-containing complexes immunoprecipitated from extracts of asynchronous or mitotic (nocodazole-treated) HeLa cells or negative controls immunoprecipitated from these extracts using non-specific IgG were incubated with condensin immunopurified from mitotic cells and a relaxed circular test plasmid in an in vitro condensation assay. After incubation, the plasmid was extracted and its supercoiling state analysed by agarose gel electrophoresis and Southern blotting (RC, relaxed circular; Sc, supercoiled plasmid DNAs). (c) Inhibition of condensin activity by mitotic TBP complexes is sensitive to okadaic acid. TBP-containing complexes immunoprecipitated from extracts of mitotic (nocodazole-treated) HeLa cells or negative controls immunoprecipitated using non-specific IgG were incubated with condensin immunopurified from mitotic cells and a relaxed circular test plasmid in an in vitro condensation assay in the presence or absence of okadaic acid (100 nM). The supercoiling state of the plasmid in each sample was analysed as described in b.
recruitment of PP2A to dephosphorylate/inactivate condensin, are also found in the gene family-specific HSF2-mediated bookmarking of the hsp70i promoter. This presumably reflects the important role of PP2A as a negative regulator of condensin activity 11 . In addition to increasing understanding of how the memory of gene activity is transmitted through the transcription block of mitosis, knowledge of the gene bookmarking mechanism could lead to advances in generating stem cells from adult cells and cloning animals by somatic cell nuclear transfer, because failure to properly re-programme gene bookmarking is believed to be a key barrier limiting the success of both of these processes [23] [24] [25] .
METHODS
Generation of anti-hTBP and anti-hPP2Ac antibodies. Affinity purified goat polyclonal antibodies against hTBP and hPP2Ac were prepared by Bethyl Labs against peptides (see Supplementary Information for sequences) corresponding to N-terminal and C-terminal sequences of hTBP and hPP2Ac polypeptides, respectively.
Cell culture, preparation of M-phase populations and transfection. Culture of HeLa cells and enrichment of M-phase populations using nocodazole treatment (200 ng ml -1 for 16 h) were performed as described previously 10 . HeLa cells were transfected with pEGFP-TBP 9 using Effectene reagent according to the manufacturer's instructions (Qiagen). DNA was then isolated and analysed by quantitative PCR using histone H4 promoter primers. Data are presented as the ratio of undigested DNA in the DNAse-treated to that in non-DNAse-treated samples (mean ± s.d., n = 3; *P < 0.005). (e) Effect of okadaic acid treatment on mitotic promoter accessibility. HeLa cells were blocked in mitosis by nocodazole treatment and then incubated with okadaic acid (OA, 50 nM) for 3 h. Nuclei of these cells were then subjected to DNase I accessibility assay, after which DNA was isolated and analysed by quantitative PCR using histone H4 promoter primers. Data are presented as the ratio of undigested DNA in the DNAse-treated to that in non-DNAse-treated samples (mean ± s.d., n = 3, *P < 0.002).
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Expression/purification of GST-TBP and in vitro binding assay. GST-hTBP (plasmid from Arnold Berk, University of California, Los Angeles) or GST alone (pGEX-2T plasmid) were expressed and purified from Escherichia coli BL21 (DE3) cells as described previously 26 . Pulldown assays between GST-TBP or GST alone as negative control on glutathione-agarose beads and either in vitro translated CAP-G or endogenous CAP-G-containing complexes in mitotic HeLa cell extracts were performed as described previously 26 . Detection was either by autoradiography to detect the presence of 35 S-methionine-labelled hCAP-G, western blotting with anti-hCAP-G polyclonal antibodies/ECL or anti-GST antibodies to ensure similar levels of GST-TBP and GST.
Immunoprecipitations and western blot analysis. The antibodies used for the immunoprecipitation and western blot experiments were the anti-hCAP-G rabbit polyclonal 10 (1:200, IP; 1:5,000, WB), anti-hTBP goat polyclonal (1:200, IP; 1:5,000, WB) and anti-hPP2Ac goat polyclonal (described above; 1:200 IP, 1:2,000 WB) antibodies (Bethyl Laboratories), anti-PP2A catalytic subunit mouse monoclonal antibodies (1:200, IP; 1:1,000, WB; Upstate Biotechnology), anti-GFP mouse monoclonal and rabbit polyclonal antibodies (1:5,000, WB; Clontech), anti-GST goat polyclonal antibodies (1:5,000, WB; Amersham Pharmacia Biotech), anti-mpm2 mouse monoclonal antibody (1:1,000, WB; Upstate Biotechnology) and control IgG (same final concentration as experimental antibodies; Sigma). Immunoprecipitation assays using HeLa cells were performed as described previously 10 .
Microcystin-sepharose chromatography. Extracts prepared from HeLa cells transfected with pEGFP-TBP or pEGFP-C1 in NP-40 lysis buffer were incubated with microcystin-Sepharose (Upstate Biotechnology) for 2 h at 4 °C with gentle inversion mixing. After collecting by centrifugation, protein complexes were washed three times with lysis buffer. The samples were analysed by SDS-PAGE and western blotting using anti-GFP monoclonal antibody (1:5,000; BD Clontech).
Chromatin immunoprecipitation (ChIP) assay/quantitative PCR analysis.
ChIP assays were performed as described previously 10 . The antibodies used were goat polyclonal TBP antibodies (1:200, described above), PP2A monoclonal catalytic subunit antibodies (1:200; Upstate Biotechnology) and control goat or mouse IgGs (same final concentration as experimental antibodies; Sigma), and the DNAs were analysed by quantitative PCR assay, as detailed in Supplementary Information. The sequences of the H4 and β-globin primers used are provided in the Supplementary Information.
Dephosphorylation of mitotic condensin by endogenous TBP-associated phosphatase.
This assay was performed as described previously 10 , except here using anti-GFP antibodies (1:200; Clontech) to immunoprecipitate GFP-TBP from transfected cells.
Purification of condensin complexes and supercoiling assay. Purification of HeLa condensin was performed essentially as described previously 15 , with minor modifications detailed in the Supplementary Information. Purified mitotic condensin was incubated with anti-TBP (1:200) or control IgG immunocomplexes in 30 µl PP2A buffer (catalogue number V2460, Promega) for 30 min at 30 ºC in the absence or presence of okadaic acid (100 nM). The samples were then subjected to supercoiling assay 15 .
siRNA treatment. TBP-specific siRNA or non-specific negative control siRNA (negative control siRNA no. 1) were obtained from Ambion and transfected into HeLa cells using the GeneSilencer transfection reagent from Gene Therapy Systems.
DNase I accessibility assay. This was performed as described previously 27 . In one experiment HeLa cells were transfected with TBP siRNA or negative control siRNA as described above before blocking in mitosis with nocodazole treatment (200 ng ml-1 for 16 h), while in another untransfected HeLa cells were nocodazole-blocked and then incubated with okadaic acid (50 nM for 3 h). Nuclei prepared from these cells were subjected to digestion at 37 ºC with different concentrations of DNase I (Gibco), after which DNA was extracted and analysed by quantitative PCR using primers that amplify the histone H4 promoter region.
Statistical analysis.
The graphical data shown in Fig. 4 , each representing the results of three independent experiments, are presented as means ± s.d.. Statistical significance was determined using Student's t-test. Western blot using either mpm-2 (detects phospho-CAP-G) (1:1,000) or CAP-G antibody (as a loading and degradation control) (1:5,000).
agarose gel, then transferred to nylon membrane and hybridized with a 32 P-labeled probe from the same plasmid made using a random labeling kit (Stratagene).
siRNA treatment. TBP-specific siRNA was obtained from Ambion: sense 5'-GGAUAAGAGAGCCACGAACTT-3', antisense 5'-GUUCGUGGCUCUCUUAUCCTC-3'.
Negative control siRNA #1 (Ambion) was utilized as the non-specific control siRNA. The siRNA was transfected into HeLa cells using GeneSilencer transfection reagent from Gene Therapy Systems.
DNase I accessibility assay. HeLa cells that were transfected with either TBP siRNA or the negative control siRNA #1 (Ambion) as described above were then nocodazole-blocked (200ng/ml) for 16 hours, trypsinized from 10 cm plates, washed twice in PBS, and lysed in the presence of 0.2% NP-40-RSB buffer (10 mM Tris-HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl 2 ).
The nuclei were collected by centrifugation and resuspended in 40 µl RSB buffer, and digested at 37°C with different numbers of units of DNase I (Gibco) for 10 minutes before being stopped by addition of an equal volume of stop buffer (1% SDS, 600 mM NaCl, 10 mM EDTA, 20 mM
Tris-HCl, pH 8.0). After proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation, the purified DNA was dissolved in Tris-EDTA, pH 8.0. The DNAs were then analyzed by quantitative PCR assay using the H4 primer pair as described above for the ChIP analysis. In other experiments, after a nocodazole block (200ng/ml for 16 hours) untransfected HeLa cells were treated with 50nM okadaic acid (Calbiochem) for 3 hours, before being subjected to the DNase accessibility assay, followed by Q-PCR assay of the isolated DNA using the H4 primer pair as described above for the ChIP analysis.
Statistical analysis. The graphical data shown in Figure 4 , GeneChip Operating Software (GCOS), and TAS software (Affymetrix) was used for data analysis. The results (from three TBP IP DNA-probed chips and three genomic input DNAprobed chips) were quantile-normalized within treatment/control replicate groups. The NCBI GEO accession number for these data is GSE12256. A Wilcox Rank Sum test was applied to the transformation log2 for data, testing the null hypothesis of the equality of the two population
